Acute graft-versus-host disease (GVHD) involves mainly skin, liver and intestines. Other organs such as heart, muscle and central nervous system are seldom affected, although their parenchymal cells also express alloantigens, such as MHC class I antigens. The mechanism of this selective involvement of distinct organs in acute GVHD is not well understood. We postulated that it might be related to the selective migration of activated alloreactive T cells. Indeed, T cell infiltration, revealed by examination of serial samples using flow cytometry and immunohistology, occurred early and continuously in the target organs such as the liver, but not in a nontarget organ, the heart, in a murine acute GVHD model. Since T cell migration is largely controlled by the expression of chemokine and chemokine receptors, we investigated the chemokine spectrum in target/non-target organs of mice with acute GVHD. We found that in the spleen and liver MIP-1␣, MIP-2 and Mig were the predominant chemokines expressed. In another target organ, the skin, MIP-1␣, MIP-2, MCP-1 and MCP-3 were all highly expressed. In a non-target organ of acute GVHD, the heart, the predominant chemokines expressed were MCP-1 and MCP-3. This distinct pattern of chemokine expression in these organs may contribute to the preferential recruitment of inflammatory cells into the liver and skin, but not into the heart, in acute GVHD. Bone Marrow Transplantation (2002) 29, 979-986.
patterns. 4 Acute GVHD is initiated by allogeneic T cells. After entering the recipient blood circulation, these T cells home into the secondary lymphoid tissues where the alloreactive T cells become activated. These activated T cells proliferate, resulting in an expanded population. 5, 6 Activated alloreactive T cells migrate from the secondary lymphoid tissues into the peripheral target organs, and initiate the inflammatory process. They destroy the tissue structure and cause various clinical symptoms. [7] [8] [9] Acute GVHD involves mainly skin, liver and intestines. Other organs such as heart, muscle and central nervous system are usually not affected, although their parenchymal cells also express alloantigens, such as MHC class I antigens. 1, [10] [11] [12] The mechanism of this seemingly selective involvement of distinct organs in acute GVHD is not well understood. We hypothesized that it might be related to the selective migration of activated alloreactive T cells. T cell migration is largely controlled by a group of protein molecules called chemokines. Chemokines are secreted by various cells, such as macrophages, dendritic cells, activated T cells, endothelial cells etc. They are classified as C, CC, CXC and CX 3 C chemokines according to the N-terminal amino acid sequences. Cells expressing chemokine receptors are attracted to the sites with the highest concentration of chemokines following the concentration gradient. [13] [14] [15] Expression of MIP-1␣ was elevated and a large number of CD8 ϩ cells expressing chemokine receptors CCR1, CCR4, CCR5, CXCR3 were detected in the liver of mice with acute GVHD. 12, 16 Blockade of T cell migration into liver using anti-CCR5 antibody down-modulated disease activity. 12 It seems that the occurrence of acute GVHD is related to chemokine expression. We wondered whether chemokine expression pattern is a factor determining the preferential organ involvement in acute GVHD. As an initial step, we examined T cell infiltration and chemokine expression in target and non-target organs of mice developing acute GVHD. The results revealed a distinct chemokine expression pattern, suggesting that different T cell sub-populations were recruited into the target/nontarget organs.
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Materials and methods
Animals
Eight-week-old C57BL/6J (H-2 b ) mice were used as donors. CB-17 SCID mice (H-2 d ) were purchased from the Jackson Laboratory (Bar Harbor, ME, USA), and maintained in a flexible film isolator. SCID mice do not have T and B lymphocytes, and acute GVHD can be easily induced. [7] [8] [9] These mice were used at the age of 4-6 weeks as recipient for studying the chemokine expression profiles during the development of acute GVHD.
Reagents and antibodies
A green fluorochrome 5-carboxyfluorescein diacetate succinimidyl ester (CFSE) was purchased from Molecular Probes (Eugene, OR, USA). Monoclonal antibodies used in the FACS analysis for the homing study were of rat origin and directed at mouse CD4 (PE), CD8 (PE), and H-2K b (biotin-conjugated, specific for donor origin cells; Pharmingen, San Diego, CA, USA). Strepavidin-RED670 (Gibco BRL, Gaithersburg, MD, USA) was used for visualizing the antibody binding to H-2K b . Rat anti-mouse CD3, goat anti-rat Ig (biotin-conjugated) and strepavidin-conjugated horse radish peroxidase (Pharmingen) were used for the immunohistochemical staining of T lymphocytes.
Induction of acute GVHD
Induction of acute GVHD was previously described by us. [7] [8] [9] Briefly, mononuclear cells (MNCs) were isolated from the spleens of C57BL/6J donor mice by density centrifugation on Ficoll-Paque (Pharmacia Biotech, Uppsala, Sweden). After washing twice with PBS, 10 ϫ 10 6 cells were injected into each recipient CB-17 SCID mouse via the tail vein. The day of injection was recorded as day 0, and thereafter the recipient mice were observed for acute GVHD and weighed daily.
FACS Analysis on the Cells Homing to Various Organs
Donor splenocytes were labeled with CFSE prior to their injection into the recipient SCID mice. Donor splenocytes were resuspended at 50 ϫ 10 6 cells/ml in RPMI 1640 (Gibco BRL), and CFSE was added to a final concentration of 10 m. After incubation at 37°C for 10 min with constant shaking, the reaction was terminated by adding on equal volume of ice-cold RPMI 1640 containing 3% fetal calf serum (FCS), followed by two washes with the same medium. The cells were then resuspended in RPMI 1640. Ten million cells were injected into the recipient mice via the tail vein. Recipient mice were killed on days 1, 3, 4, 7 and 21 post donor cell injection and total body perfusion was performed by infusing 40 ml of PBS into the right and left ventricles through cardiac puncture to flush out the blood cells in each organ. Spleen, liver, heart, mesenteric lymph nodes (MLN) and peripheral lymph nodes (PLN, including inguinal and axillary lymph nodes) were procured from the recipient mice. MNCs of the spleen and liver were isolated using Ficoll-Paque density centrifugation after homogenization. Heart, MLN and PLN cells were obtained by mincing the tissues and the tissue debris filtered using a 41 m mesh filter (Sefar, Ruschlikon, Switzerland). All cells were washed twice prior to staining with mAbs.
The isolated cells were washed with PBS containing 5% FCS and 5 mm sodium azide. Aliquots of 10 6 cells were stained in 96-well round bottom PVC microtiter plates. Cells were firstly incubated on ice with biotin-conjugated anti-H-2k b mAb and either PE-labeled anti-CD4 or anti-CD8 mAb, followed by strepavidin RED670 staining for 30 min. The stained cells were resuspended in PBS supplemented with 0.5% paraformaldehyde at 4°C until FACS analysis was performed. Cells were counted, 1-5 ϫ 10 5 for each preparation, with a Coulter flow cytometer (Epics Esp; Coulter Corporation, Hialeah, FL, USA), and tri-color data analysis was performed with the aid of computer software (FlowJo; Treestar, San Carlos, CA, USA). Lymphocytes were gated based on their low forward scatter and side scatter property, and H-2k bϩ CD4 ϩ or H-2k bϩ CD8 ϩ cells were presented as a percentage of this gated population. CFSE fluorescence reduction was used as an indication for cell proliferation.
Immunohistochemical staining
The recipient SCID mice were killed on days 1, 3, 7 and 21 after injection of donor cells, and the spleen, liver, heart and skin were procured and snap-frozen in liquid nitrogen and stored until use. Organs derived from non-treated SCID mice were used as controls. A three-step immunoperoxidase staining procedure was performed at room temperature unless otherwise specified. Briefly, 8 m thick sections were prepared from frozen tissues and fixed in a solution containing acetone and chloroform (1:1 ratio). Sections were then rehydrated in Tris-buffered saline (TBS, pH 7.6). Endogenous peroxidase was blocked by using a peroxidase blocking reagent (Dako, Glostrup, Denmark). Non-specific binding of the secondary antibody was prevented by incubating sections with goat serum (1:30 dilution) for 30 min. The primary antibody, rat anti-mouse CD3, was used at 1:300 dilution in PBS. The sections were incubated at 4°C overnight in a humidity chamber. Three rounds of washing with TBS were performed before incubating the sections with the biotin-labeled goat anti-rat mAb (1:250) for 30 min. The sections were washed three times with TBS before the strepavidin-HRP (1:200) was applied. After 30 min incubation, the sections were rinsed and color development was conducted using diamino-benzidine substrate solution (Dako). Finally, the sections were counterstained with Mayer's hematoxylin and mounted in Fisher Permount (Fisher, Pittsburgh, PA, USA).
Real time polymerase chain reaction
The recipient SCID mice were killed at various time points after injection of donor cells, and the spleen, liver, heart and skin were procured for RNA isolation. After homogenizing in lysis buffer with a tissue grinder (Polytron PT1200; Kinematica, Littau-Lucerne, Switzerland), RNA was extracted and reverse-transcribed into cDNA using kits from Boehringer Mannheim (Mannheim, Germany). The mRNA expression of chemokine was detected using the ABI Prism 7700 Sequence Detection System (Perkin Elmer, Wellesley, MA, USA). The Taqman probes and primers specific for MIP-1␣, MIP-2, MCP-1, MCP-3, Mig and ␤-actin were synthesized by Applied Biosystem (Foster City, CA, USA). All probes were labeled at the 5Ј end with the reporter dye molecule FAM (6-carboxy-fluorescein) and at the 3Ј end with the quencher dye molecule TAMRA (6-carboxytetra methyl-rhodamine). Probe and primer sequences are presented in Table 1 .
The MIP-1␣ gene was amplified by RT-PCR and cloned into pcDNA 3.1 vector (Invitrogen, Groningen, The Netherlands). This plasmid DNA containing MIP-1␣ was used as the standard. The concentration (g/ml) of the recombinant plasmid was determined by a spectrophotometer ( ϭ 260 nm) and then converted into picomole (pmol) using the following formula: g ϫ 10 6 pg/1 g ϫ pmol/660 pg ϫ 1/N ϭ pmol, where N is the number of nucleotide pairs and 660 pg/pmol is the average molecular weight of a nucleotide pair. The quantity in pmol can be further converted into plasmid copy number by using the constant of 1 mole ϭ 6.023 ϫ 10 23 molecules (or copy number). The recombinant plasmid was then serially diluted into copy numbers ranging from 10 8 to 10 2 and employed as a standard for other primer/probe and target combinations. Primers and probes applied to the standard were specific for MIP-1␣ gene as shown in Table 1 . It was run simultaneously with each sample during every round of real time PCR. Thermal cycler parameters included 2 min at 50°C, 10 min at 95°C and then 45 cycles of denaturation at 95°C for 40 s, annealing at 55°C for 40 s and extension at 60°C for 40 s. Real time monitoring of the fluorescent emission from cleavage of sequence-specific probes by the nuclease activity of Taq polymerase allowed definition of the threshold cycle during the early exponential Table 1 Sequences of primers and probes employed in real time PCR Primers were confirmed for the specificity by regular PCR (data not shown). Probes are labeled at the 5Ј end with the reporter dye molecule FAM (6-carboxy-fluorescein) and at the 3Ј end with the quencher dye molecule TAMRA (6-carboxytetra methyl-rhodamine).
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Enzyme linked immunosorbent assay for chemokine levels in the organs
Enzyme linked immunosorbent assay (ELISA) was performed on spleen, liver, heart and skin tissues collected from SCID mice before and after donor cell injection. Mice were killed on indicated days, and total body perfusion was carried out with 40 ml of PBS to avoid chemokine contamination from the blood prior to the isolation of the organs. Whole organs were homogenized using a tissue grinder in the presence of a proteinase inhibitor cocktail (Calbiochem, San Diego, CA, USA). ELISA for assaying the MIP-1␣, MIP-2 (R&D System, Minneapolis, MN, USA) and MCP-1 (Pharmingen) was performed on supernatants from the tissue homogenate according to the manufacturer's instructions. The expression levels of chemokines were normalized to the total protein level of the supernatant from the same tissue measured with the Bio-Rad protein assay dye (Hercules, CA, USA).
ELISA for chemokine levels in the blood
Blood was collected weekly from the retro-orbital plexus of mice with acute GVHD until day 42 after donor cell injection. Sera were isolated and stored at Ϫ20°C until use. Serum levels of MIP-1␣, MIP-2 and MCP-1 were determined using ELISA kits as previously mentioned. Noninjected mice served as controls.
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Results
T cell infiltration in the target and non-target organs
An acute GVHD murine model was employed as reported previously. [7] [8] [9] Spleen, liver, skin and heart were harvested from euthanized C.B-17 SCID mice (H-2 d ) that received spleen cells obtained from C57BL/6J (H-2 b ) mice. These organs were chosen to represent the target (spleen, liver and skin) and non-target (heart) organs of acute GVHD. The infiltration of T cells was examined initially with FACS analysis in these organs. Freshly harvested organs were minced and mononuclear cells were isolated. Cells were stained with antibodies directed at CD4, CD8 and H2k b molecules. As presented in Figures 1 and 2 , both donor CD4 ϩ and CD8 ϩ cells were detected in the secondary lymphoid tissues and the liver in the first 4 days after donor cell infusion. In the samples obtained 7 and 21 days after donor cell infusion, CD4 ϩ and CD8 ϩ cells were observed in the heart as well, and the percentages of these two cell subsets increased substantially in all organs with the lowest being in the heart. From day 7 onwards, the majority of infiltrating lymphocytes were CD8 ϩ T cells, consisting of up to 60% of total T cell population in the target organs.
Donor cell proliferation was examined by labeling the donor splenocytes with CFSE before they were injected into the recipient mice. Cells were then isolated from various organs of the recipient mice at different time points. As shown in Figure 1 , the donor cells homed to the lymphoid organs (LNs, spleen) and to a much lesser extent to the liver as well 1 day after the injection. Cell division started on day 3, peaked on day 4, and subsided by day 21. No proliferation, however, was observed in the target organ (liver). The liver infiltrating T cells were effector cells that had divided.
Since FACS analysis can only show the percentage of a specific cell population and is not able to indicate the absolute infiltrating cell numbers, we examined the infiltrating T cells in these organs by immunohistology on tissue sections. T cells were visualized with an anti-CD3 antibody staining, and they were easily observed in the liver and skin 4 7 21 1 3 4 7 21 1 3 4 7 21 1 3 4 7 7 days after donor cell infusion, but only rarely in the heart (Figure 3) .
mRNA expression of chemokines in the target and nontarget organs
Spleen, liver, skin and heart were harvested from SCID mice at various time points after injection of the donor ϩ cells in various organs of the recipient mice. Target and non-target organs were procured from the recipient mice at different time points post transplantation. Cryosections were prepared and stained with an anti-CD3 mAb to visualize infiltrating T cells. Representative cryosections of tissues collected at day 21 post transplantation show a large number of T cells infiltrating in the liver (a) and the skin (b), but not in the heart (c). These results correlate with those observed in Figures 1 and 2. spleen cells. RNA was isolated for cDNA synthesis, and real time PCR was performed to quantify chemokine mRNA expression in these organs. As depicted in Figure  4 , expression of MIP-1␣, MIP-2, Mig, MCP-1 and MCP-3 increased 3 days after donor cell injection, peaked on day 7, and, except for MIP-2 in the skin, returned to baseline Representative amplification plot of RNA samples extracted from different tissues. RNA was isolated from day 7 spleen, liver, skin and heart of each recipient mouse and reverse-transcribed into cDNA. Real time PCR was performed with primers and probes specific for MIP-1␣ sequence (Table 1) . From left to right, the curves indicate spleen, liver, skin and heart cDNA samples as substrate respectively. (d) Expression profiles of MIP-1␣, MIP-2, MCP-1, Mig and MCP-3 mRNA in various recipient organs. The quantity of mRNA for each chemokine was normalized to the expression of ␤-actin in the same sample. (᭜) The ratio in each sample; (----) the mean of the three samples.
Bone Marrow Transplantation levels on day 21. Expression of MIP-1␣ and MIP-2 was higher in the spleen. In the liver, MIP-1␣, MIP-2 and Mig predominated. MIP-2 and MCP-3 were expressed at a higher level in the skin. Expression of MCP-1 and MCP-3 was more prominent in the heart.
Expression of chemokines at the protein level in the target and non-target organs
Spleen, liver, skin and heart were harvested from SCID mice at various time points after injection of the donor spleen cells. ELISA was conducted on the supernatant collected from the tissue homogenate, and the quantity of chemokines was normalized to that of the total protein in each organ. The quantity of three chemokines, MIP-1␣, MIP-2 and MCP-1, was determined ( Figure 5) . Expression of the chemokines at the protein level was correlated with that at the mRNA level. MIP-1␣ and MIP-2 were predominant in the spleen and the liver. In the heart, a high level of expression of MCP-1 was observed on day 7 after donor 
Blood level of chemokines in the SCID recipient mice
Ten SCID mice were each injected with 10 ϫ 10 6 donor spleen cells, and five others were injected with PBS as controls. Their body weights were monitored daily. The control mice all gained weight during the observation period. However, the weight of the treated mice started to decline by day 7 after a brief increase in the first several days and six mice died by day 35 because of acute GVHD (data not shown) which was similar to our previous observations. [7] [8] [9] Blood samples were taken weekly from the SCID mice receiving donor cell infusion and from the control SCID mice. Sera were separated and used for ELISA to determine the concentrations of chemokines MIP-1␣, MIP-2 and MCP-1. Levels of the three chemokines increased in mice that received donor cell infusion, but not in the control mice ( Figure 6 ). The kinetics was similar to that of the tissues examined. MIP-1␣ was elevated 3 days after the cell infusion, peaked on day 14 and remained higher than before infusion until day 28. MIP-2 started to increase 7 days after cell infusion, peaked on day 21 and remained higher than before infusion until day 35. Serum MCP-1 began to increase 3 days after donor cell injection, reached a prominent peak on day 7 and subsided to a slightly higher level than before infusion until day 35 in most of the mice.
Discussion
The inflammatory reaction in acute GVHD begins with T cell infiltration. Although all nucleated cells express major histocompatibility complex class I molecules on the cell surface which are major antigens for activating alloreactive T cells, T cell infiltration in acute GVHD does not occur evenly in the body. T cells preferentially infiltrate certain organs, such as liver, skin and intestines, and cause serious damage to these organs, but other organs such as heart, muscle and neural system are apparently unaffected. 1, 10, 11 This discrepancy may be due to the factors that govern T cell migration. Of these factors, chemokines play a central role by determining the direction and T cell subpopulation in the trafficking and infiltration process.
Chemokines are secreted by various cells, and form a local high concentration to recruit inflammatory cells. Inflammatory cells usually express several chemokine receptors on the cell surface, and each cell type with distinct effector functions expresses different chemokine receptors. CD4 ϩ effector T cells generated in vitro express a broad range of chemokine receptors, some of which are preferentially expressed on Th1 cells (CXCR3, CCR5) or Th2 cells (CCR3, CCR4, CCR8). [17] [18] [19] [20] This suggests that distinct chemotactic signals direct the localization of Th1 and Th2 cells to the sites of inflammation. In the spectrum of chemokines we investigated, chemokine receptors CCR1 and CCR5 are specific for MIP-1␣, CXCR2 for MIP-2, CXCR3 for Mig, CCR2 for MCP-1, and CCR1, CCR2 and CCR3 for MCP-3. 17, 18 From the results generated by real time PCR and ELISA on various organs harvested from mice after injection of donor cells, we found that in the spleen and liver, target organs of acute GVHD, MIP-1␣, MIP-2 and Mig were the predominant chemokines expressed. In another target organ, the skin, MIP-1␣, MIP-2, MCP-1 and MCP-3 were all highly expressed. In a nontarget organ of acute GVHD, the heart, the predominant chemokines expressed were MCP-1 and MCP-3. This distinct pattern of chemokine expression in these organs may contribute to the preferential recruitment of inflammatory cells into the liver and skin, but not into the heart, in acute GVHD. The predominantly expressed chemokines MIP-1␣ and Mig in the spleen, liver and skin recruit Th1 cells, which have been shown to play the central role in mediating alloimmune response in acute GVHD. 1, 21 A recent study by Murai et al 12 characterized the liver infiltrating CD8 ϩ T cells. They found a large population of donor CD8 ϩ T cells in the liver, causing both portal hepatitis and non-suppurative destructive cholangitis. These cells expressed CCR5. In contrast, the chemokines expressed in the heart of SCID mice, after injection of
